The physic-chemistry of biological membranes is at the origin of fundamental cellular functions such as vesicle trafficking, cell adhesion and migration [1] [2] [3] . Because most of intracellular shapes and local demixing of membranes take place in the nanometer scale, AFM becomes an extremely powerful technique to assess the properties of these biological membranes. Porous substrates provide an elegant strategy to avoid the conundrum of placing soft and thin biomembranes on hard substrates for AFM studies, although the surface chemistry make the actual substrates rather challenging setups. Here, we have engineered porous systems on the most widely used substrate in AFM, mica muscovite, with tunable pore sizes from some tens to few hundreds nanometers for biological applications. We show that free-standing bilayers on nano-porous can be obtained by using well-established vesicle spreading methods and that they display equivalent nano-mechanical stability and phsyco-chemical properties to that of membranes on conventional mica supports. By reducing the pore radius < 40 nm and limiting the contribution of membrane tension to the elastic response of free-standing membranes we estimate a bending modulus of 18 k b T and 73 k b T for DOPC and DPPC bilayers, respectively.
INTRODUCTION
Biological membranes are essential components of cells by providing a physical boundary to the extracellular environment and the intracellular compartmentalization of organelles. Cellular membranes are 5 nm-thick heterogeneous composites made of a wide diversity of proteins and lipids with different structural and functional properties. The interplay between the biochemical and mechanical properties of membranes is at the origin of fundamental processes such as exoand endocytosis, cell adhesion and migration [1] [2] [3] . To infer on the mechanical response of cellular membranes, bottom-up synthetic approaches provide a straightforward strategy by controlling several parameters such as the lipid composition, membrane organization or protein-lipid interactions 4 . Atomic Force Microscopy (AFM) has been widely used to asses the nanoscale properties of these synthetic minimal systems 5 , as a result of its unique capabilities to probe the sample's mechanics while accessing to its topographical features, which becomes a major advantage for those lipid mixtures displaying phase separation at the nm-to meso-scale 5 .
However, this comes at the expenses of placing thin and soft samples, such as biological membranes, on solid supports. Indeed, the contribution of the underlying substrate on the mechanical response of biological membranes as well as on other physico-chemical parameters such as lipid mobility in the membrane plane 6 or the lipid symmetry/asymmetry 7 should not be neglected. Several analytical methods have been proposed to overcome the contribution of a hard substrate on the AFM mechanical measurements of soft samples [8] [9] , although these approaches do not take into consideration the physico-chemical contributions. An interesting alternative to tackle the contribution of the underlying substrate is the engineering of free-standing biological membranes on porous substrates [10] [11] [12] . This strategy has been successfully applied on porous silicon 12 , alumina 13 , silicon nitride 14 , or gold-coated silicon nitride 15 substrates. However, the main drawback of the current porous substrates used on AFM studies is linked to their surface chemistry, which makes difficult to obtain a large and homogeneous formation of supported lipid bilayers by classic methods, as well as the eventual spontaneous rupture of membranes on large pores (hundreds of nm to micrometers) 16 .
Here, we have taken advantage of the most widely used substrate in AFM, which is muscovite mica, to engineer nano-porous mica substrates of tunable pore sizes from some tens to few hundreds nanometers for biological applications. We have validated the suitability of nanoporous mica substrates by assessing the physico-chemical properties of DOPC:DPPC (1:1, mol/mol) lipid bilayers at the nanoscale using AFM. As a result, we provide a straightforward strategy to produce free-standing biomembranes that open up multiple applications in the AFM field. By performing nano-indentaiton experiments and quantitative mapping of free-standing membranes suspended on pores of different radius we have evaluated the elastic response and the correlation between the mid-plane curvature of suspended membranes and pore radius, both for DOPC and DPPC lipid phases. Our results provide an original strategy to probe the mechanical properties of biological membranes, including the bending modulus, with access to the lateral organization and heterogeneity of membranes in the range of tens of nm, which could be further extended to other relevant lipid mixtures and biological systems.
RESULTS
Control of pore size and crystallinity of porous mica substrates by chemical etching Mica substrates are among the most widely used supports for high-resolution AFM observations of biological samples, as they provide a hydrophilic and atomically flat surface.
Moreover, they offer the possibility of exfoliation, a feature that largely improves sample quality by exposing clean mica surfaces upon each delamination. To produce porous mica substrates with improved porous tracks depth, we chose high energy and heavy Xe ions to irradiate mica wafers over other lighter ions or particles 17 . In addition, this type of ion tracks should provide the possibility to further develop the substrates by soft chemical etching. As a result, mica wafers where irradiated with 420 MeV Xe ions accelerated using a cyclotron (Cyclotron Research
Center, Louvain-la-Neuve, Belgium and GANIL, Caen, France). We produced a random distribution of rhombic shape nano-pores with a controlled pore dimension, as shown by the AFM topographic characterization of nano-porous mica substrates (Figure 1 ). The pore size was controlled by the etching time of Xe irradiated mica substrates (see methods) and remained stable after 3-4 exfoliation cycles, as confirmed by AFM and electron microscopy ( Figure 2 ).
Pore size distribution as a function of the different etching times was established by AFM from the projected area of the pores and then fitted by assuming a circular shape of radius R (nm). The average pore radius obtained at each of the etching conditions tested was designed to be 12.9 ± 1.0 nm, 20.4 ± 3.0 nm, 32.6 ± 2.1nm, 42.1 ± 4.5 nm and 82.3 ± 0.87 nm, as shown in Figure 1C .
The pore density was optimized at 1·10 9 cm -2 ( Figure 1A ). High-resolution AFM imaging at the pores rims confirmed that the Xe ion irradiation and further chemical etching did not render the outmost mica layers amorphous as shown by Fast-Fourier Transform (FFT) analysis ( Figure 1B ).
In addition, we could observe several mica terraces at the edges of mica pores (see cross-section analysis in Figure 1B ).
The size and crystallinity of nano-porous mica tracks is stable over tens of microns To further confirm the crystallinity of the nano-porous mica substrates and establish the pore length we performed a structural characterization of the samples by Field-Emission Scanning
Electron Microscopy (FE-SEM) and Transmission Electron Microscopy (TEM) (Figure 2 ). FE-SEM analysis of nano-porous mica substrates confirmed a remarkable porous length over several tens of microns (see Figure 2A and 2B). Moreover, we also observed that the pore size established by the etching time was constant all along the ion tracks ( Figure 2C and magnified region, Figure 2D ). TEM images and Electron diffraction analysis confirmed that nano-porous mica substrates display an atomically flat single crystalline surface with a uniform diameter of the track-etched pores (see Figure 4D and Figure 4E ). Electron diffraction pattern along the
[001] zone axis showed the high crystallinity and crystallographic planes corresponding to the facets of the rhombic porous (see yellow dashed dots in Figure 2E ). The indexed and reconstructed unit cell of nano-porous mica substrates confirmed that our substrates present a monoclinic cell with lattice parameters a=5.19 Å, b=9,04Å, c=20.08Å β=95.5°. Importantly, this unit cell has the symmetry expended for the 2M1 muscovite structure 18 .
Free-standing lipid bilayers on nano-porous mica substrates are mechanically 19 . In addition, we confirmed that the resulting lipid bilayers are continuous and without the absence of apparent defects over several tens of micrometers ( Figure 3A ). This feature was also confirmed by epifluorescence microscopy of DOPC bilayers doped with 0.1% of DOPE-rhodamine. Altogether, suggesting that that formation of lipid bilayers on nano-porous mica substrates by classic methods, such as the spreading of small unilamellar vesicles, has a yield comparable to that of classic mica supports.
We then evaluated the stability of free-standing lipid bilayers on nano-porous mica substrates by performing a topographical mapping of DOPC and DPPC phases spanning over pores of R = 42.1 ± 4.5 nm ( Figure 3C ). The AFM characterization of liquid and gel phases at minimal loading forces (i.e. 100 pN) confirmed the existence of free-standing bilayers for the two phases and showed a profile analysis that is more pronounced in the absence than in the presence lipid bilayers and for the DOPC over the DPPC lipids, respectively. The absence of membrane rupture at any of the setpoint loading forces tested also confirmed that free-standing lipid bilayers on nano-porous mica substrates are mechanically stable, at least, up to 500 pN, both for the fluid and gel lipid phases ( Figure 3C ). 19 . Taken together, these observations point out that free-standing bilayers on nano-porous mica substrates display equivalent nano-mechanical stability and properties to that of conventional mica supports.
The mechanical response of free-standing bilayers is modulated by the pore size
The mechanical response of free-standing lipid bilayers on porous substrates is mainly governed by the membrane tension and bending modulus at moderate AFM indentations, since membrane stretching is rather prevented by the flow of membrane towards the pore rims. Thus, for lipid membranes suspended on large pore's radius, R, of several hundreds of nm, the elastic response is primarily dictated by the lateral tension of the membrane, as previously suggested 14 .
This is not the case for smaller pore's sizes, where the membrane bending could eventually dominate over tension and thus, become the main mechanical contribution to AFM indentations 16 .
This behavior is well supported by theoretical predictions and experimental findings on large pores 14 , but there is current lack of mechanical studies on smaller pore's sizes that could provide a complete picture of the mechanical response of free-standing membranes. Therefore, we Figure S3 ). As expected, our measurements showed larger deformation values at 150 pN for both DOPC and DPPC lipid bilayers and for any of the pore sizes tested. In addition, we found that membrane deformation increases with the pore size and reaches a plateau at pore sizes of R ≥ 42.1 ± 4.5 nm for both DOPC and DPPC phases.
By invoking thin plate theory, the membrane bending, , can be estimated by assuming a point load force F acting on a clamped free-standing membrane suspended on a pore with radius R 14, 21 :
where h is the bilayer thickness 22 , the Poisson ratio, and indentation depth. We found that the K eff ·R 2 increases with pore radius and would reach a plateau at radius R > 42.1 ± 4.5 nm therefore, suggesting that above this pore sizes other components than bending modulus might contribute to the mechanical response of free-standing membranes. Indeed, this observation is agreement with previous findings suggesting that increasing pore radius would limit the possibility to evaluate the membrane bending as a result of the curvature stress exerted by the AFM tip 14 . Consequently, from our experimental data on free-standing membranes of DOPC and and DPPC, respectively). As expected, we found a well differentiated apparent stiffness between supported and suspended DOPC and DPPC lipid bilayers, which supports the results displayed in Figure 4 A-B from single-point force spectroscopy measurements acquired at the center of pores.
Interestingly, we found slight changes in the apparent stiffness at the pore rims of both DOPC and DPPC, which could suggest different lipid packing. Indeed, this intermediate stiffness, which ranged from few to tens of nm, was particularly remarkable in the case of DPPC, possibly as a result of the increased lipid ordering and the shear-stress forces of gel phases.
Collectively, our experimental data suggest that the mechanical response of free-standing bilayers is likely modulated by the pore radius with two well-defined trends around R ≈ 40 nm, with a contribution of membrane bending below this pore size and dominated by the membrane tension at larger pore's radius ( Figure 4E ).
The pore size shapes the curvature of free-standing lipid membranes A fundamental feature of cellular membranes is related to their ability to be shaped, a process that is typically assisted by dedicated proteins that can either introduce lipid bilayer asymmetry or apply a mechanical constrains to force membranes to bend [24] [25] . The energy needed to bend a membrane and thus, undergo a given curvature is, in general terms, related its bending modulus and to the membrane tension 26 . Since we found that the pore rim might display different lipid ordering and that membrane bending is likely to contribute to the elastic response of freestanding membranes at pore radius R ≤ 40 nm (Figure 4) , we asked whether the pore size could influence the shape of free-standing membranes. To this end, we performed high-resolution contact point mapping of DOPC and DPPC lipid membranes suspended on pores with radius R ≤ 40 nm ( Figure 5 and Figure S4 ). Briefly, the contact point mapping is based on the acquisition of series of FvD curves at each pixel of the image and the subsequent rendering of a topography image, where the height is determined by the force at which the tip gets into contact with the sample, i.e. the contact point. As the contact point mapping minimizes the peak forces exerted on the sample it should reveal its unperturbed topography profile. Using this approach we have evaluated the relationship between the mid-plane membrane curvature as a function of the pore radius for both DOPC and DPPC free-standing membranes, as shown in Figure 5A and B.
Interestingly, in both cases we found a correlation between the pore size and the curvature of suspended membranes, which was more pronounced in the case of free-standing DOPC lipid membranes. Indeed, we observed that for the same pore sizes DOPC lipid membranes shape into more curved membranes, possibly as a result of their lower membrane rigidity and thus, bending energy, compared to gel phases. Taken together, these results suggest that sub-hundred nanometer pores are able to shape the curvature of liquid and gel lipid bilayers and that this feature is possibly dictated by the interplay between membrane bending and eventual changes in lipid ordering at pore rims.
DISCUSSION
The engineering of porous substrates provides an effective strategy to circumvent the conundrum of the underlying substrate on AFM measurements 11-12, 14, 27 , which might become a critical issue in the case of thin and soft samples such as biological membranes. However, the material's chemistry of the actual porous substrates make them quite challenging systems to engineer biological membranes, in addition to the difficulty to transpose well-established methods already developed on classic mica substrates. In the present work we have engineered nano-porous mica substrates of tunable pore sizes from some tens to hundred nanometers for biological applications. Our structural and surface characterization of these substrates (Figure 1 and 2) points out that by using high energy and heavy Xe ions to irradiate mica wafers and soft chemical etching we can obtain well-defined pore sizes ( Figure 1C ) with a constant radius throughout the porous track (Figure 2A-B) . This finding importantly supports the potential of using this method on thinner mica sheets (< 10 μm) to engineer two separating aqueous compartments with wide number of biological applications (e.g. on ion pumps, voltage gated channels, etc). We have validated the suitability of nano-porous mica substrates by evaluating a widely established lipid mixture in the AFM field such as DOPC:DPPC (1:1, mol/mol). Our results show that by using classic vesicle spreading methods, which is among the most used methods to obtain biomembranes in AFM studies, we can produce lipid bilayers that are continuous over tens of micrometers ( Figure 3A -B) and that display equivalent mechanical properties to that obtained on classic mica substrates ( Figure S2 ). Therefore, confirming that well-established methods in AFM can be transposed and thus, no additional optimization steps need to be considered when using nano-porous mica substrates. The obtention of large and homogenous membranes might be an additional advantage ( Figure 3B ), as no further fluorescence microscopy is required to pinpoint the regions of the sample containing membrane patches 16 . In addition, our results show that free-standing membranes of DOPC and DPPC on nano-porous mica substrates are mechanically stable up to 500 pN ( Figure 3C ), a feature that prevents the chances of eventual spontaneous membrane rupture that is often observed on substrates with larger pore sizes 16 . Altogether, supporting the suitability of nano-porous mica substrates to assess the physico-chemical properties of biological membranes at the nanoscale without the drawbacks of an underlying hard substrate.
The physic-chemistry of biological membranes plays a major role in a wide number of fundamental cellular functions: from vesicle trafficking to cytoskeleton-mediated processes 1, 3 , as stated above. A common feature of all these processes is linked to the ability of membranes to be bent and thus, to undergo shape changes that are generally assisted by specialized molecular machines 28 . Importantly, in the case of vesicle trafficking membranes typically display strongly curved shapes in the nanometer range (R ≈ 20 to 50 nm) 29 . Not to mention the growing number of studies pointing out that local demixing of lipid molecules in the membrane plane, possibly in the nm range, might be relevant to orchestrate trafficking and signaling process 30 . However, the number of techniques allowing for the correlation of physical properties, such as membrane curvature, with the chemical organization of cellular membranes at the nanoscale is rather limited 4, 31 . In this work we have made a step forward by assessing the elastic properties of biological membranes at a nanometer relevant scale in biology by engineering nano-porous mica substrates with pore radius from 20 to 80 nm to suspended lipid bilayers displaying the coexistence of liquid (L α , for the DOPC) and gel (L β , for the DPPC) lipid phases. Importantly, we found that the mechanical behavior of free-standing bilayers is not homogenous with an intermediate apparent stiffness between supported-suspended lipid membranes at the boundary of the pore's rim ( Figure 4C and 4D) . The fact that this feature was more pronounced in the case of free-standing lipid bilayers consisting of a gel phase ( Figure 4D , R ≈ 40 nm) strengthens the hypothesis that differences in lipid packing might be at the origin of this heterogeneity. Since membrane curvature can arise from lipid bilayer asymmetry with respect to the membrane plane 29 , we assessed whether the eventual different lipid ordering at the supported-suspended lipid membrane interface of DOPC and DPPC bilayers might eventually assist changes in membrane shape. By performing high-resolution contact-point mapping ( Figure S4 ) in of freestanding membranes suspended at different pore radius (R ≈ 20 to 40 nm) we found a correlation between the mid-plane curvature of suspended membranes and pore radius for both fluid and gel phases ( Figure 5D and E). This behavior was more pronounced in the case of DOPC lipid bilayers, i.e. for an equivalent pore radius DOPC free-standing membranes are display smaller mid-plane curvature than DPPC membranes. Thus, suggesting that in addition to the eventual different lipid packing at the pore's rim, other parameters such as the intrinsic deformability of membranes might also plays a role in the shaping free-standing membranes on nano-pores.
Indeed, we found that DOPC lipid bilayers display a lower bending modulus (18 k b T) than DPPC membranes (73 k b T), as assessed from the experimental data shown in Figure 4 and in quantitative agreement with the values reported in the litarature 19, [22] [23] . It is well reported that parameters such as membrane bending and tension as well as lipid composition and packing are relevant to determine the degree of membrane curvature 28, 32 . In the case of porous systems, the contribution to the elastic response of free-standing membranes at moderate indentations is dominated by the lateral tension and bending modulus for pore size from R ≈ 60 nm down to tens of nm, as previously anticipated 16 . Indeed, by finely tuning the size of nano-porous mica substrates we could confirm the existence of two well-defined trends in the mechanical behavior of pore-spanning membranes, as shown by the relationship between K eff ·R 2 of DOPC and DPPC suspended bilayers as a function of pore radius ( Figure 4A and B). In our porous system, we found that K eff ·R 2 reaches a plateau at above pore radius 40 ≥ nm. Interestingly, in the case of DOPC we estimated a K eff of ≈ 14 nN·μm -1 for pore R ≥ 40 nm, which is in agreement with the apparent stiffness previously obtained on phosphatidylcholine pore-spanning membranes on larger pores radius R ≥ 600 nm 15 . Altogether, supporting the fact that at larger pore sizes other components than membrane bending might contribute to the elastic response of free-standing correlates well with the window of pore radius that we found to be relevant to shape suspended membranes, thus suggesting a potential correlation between membrane curvature and pore/mesh size in a biologic relevant context.
CONCLUSIONS
In conclusion, we have presented experimental data supporting the suitability of a new method to engineer free-standing biomembranes, with equivalent physic-chemical properties to that of widely used mica wafers therefore, opening up large number of future applications of nanoporous mica in the AFM field: from chemistry to physics and biology. By controlling the pore size radius we have shown the potential of our method to probe the elastic properties of biological membranes, including the bending modulus, with improved access to the lateral organization and heterogeneity of membranes in a biological relevant range of tens of nm.
Finally, we have investigated the mechanisms of curvature creation on nano-porous systems by applying high-resolution quantitative imaging, including contact-point mapping, to map the mechano-chemistry of free-standing membranes at the nanoscale.
METHODS

Nano-Porous Mica Substrates
Nano-porous mica substrates were obtained following a similar experimental approach as in 17 .
In the present work, mica substrates were exposed to 420 AFM data analysis AFM data analysis was performed using the JPKSPM data processing software and 
